Noise emissions from large-calibre weapons were measured in a shooting area according to Danish guidelines. At a distance of 100 m the peak levels (L Cpeak ) were 146-159 dB for the bazooka, 148-163 dB for the 155-mm cannon, 147-151 for the mortar, 128-141 dB for the antiaircraft cannon and 146-155 for the 1-kg TNT explosion. The C-weighted exposure levels (L CE1s ) were 127-136 dB for the bazooka, 134-140 dB for the 155-mm cannon, 122-129 dB for the mortar and 104-115 dB for the antiaircraft cannon. Sound directivity proved to be a significant parameter for weapons. The most prominent octave bands were typically lower than 100 Hz.
INTRODUCTION
The Finnish Defence Forces (FDF) practise on shooting ranges and in reserved shooting areas. Rifle calibre weapons are used on shooting ranges, whereas largecalibre weapons are shot either in areas especially reserved for shooting or at test shooting stations. In addition, there are other areas where combat exercises are arranged. The limit between the rifle-calibre and large-calibre weapons is 12.7 mm, and 12.7 mm is considered as large calibre. The FDF have prepared for handling possible complaints and discussions by consulting Scandinavian, national and local environmental authorities, getting information, and buying measurement equipment and noise calculation programs. Currently, calculation programs are being used only for rifle-calibre shooting ranges, but there is a trend towards the use of models, for the spreading of noise also for large-calibre weapons.
For noise exposure from large-calibre weapons no special limit or guide values have been set in Finland. In addition, the correction needed for the impulse produced by this type of noise has not been determined. Therefore, the noise and noise emission of large-calibre weapons needs to be studied. So far, complaints concerning the noise of large-calibre weapons have been few and random, since the shelter area around the shooting areas has generally been sufficient. The residents living nearby have also mostly had a positive attitude towards this type of noise. When complaints emerge, the environmental section of the FDF has measured the noise emission and analysed the situation together with the local environmental officials. Since local environmental officials generally have no measurement equipment for the analysis of low-frequency impulse noise at their disposal, difficult and complicated situations have been analysed as research projects. Sometimes the ground vibration caused by the shots has also been studied.
Data on noise emission and environmental noise values have been gathered for large-calibre weapons as an aid to the evaluation of situations in general. One goal has been to gather information for modelling or the use of foreign models in noise evaluations [1] [2] [3] [4] . Unfortunately, emission measurement methods developed in Germany and USA were not at our disposal. In addition, hearing protection, product development, noise evaluation made during initial inspection of the weapon, and constructional and environmental analyses have been other goals.
The noise of large-calibre weapons consists typically of muzzle blasts, flight noise of grenades, and the noise of hit explosions. According to the Finnish Ministry of the Environment the legislation on rifle-calibre shooting noise (VNp 53/97) is not applicable to large-calibre weapon noise. As a result, there has been much discussion on the noise limits between the Finnish Ministry of Social Affairs and Health, the Ministry of the Environment, the Ministry of Defense and specialists. The basic agreement has been that the daily equivalent level (L Aeq7-22 ) of 55 dB should be applied as the general environmental limit value, but impulse correction is still an open question. Therefore, an attempt is being made to gather information on the impulse noise of large-calibre weapons, and it has been going on for a few years. The equation combining some of the parameters is shown as (1)
Where L AEto = noise emission value at distance ro (to = 1 s and ro = 100 m) n = daily number of shots t1 = daily calculation duration (7-22 equals t1 = 15 h = 54000 s) r1 = calculated distance, m K1 = correction for impulse properties, 1-10…20 dB K2 = corrections for ground, obstacles, weather, etc
According to a study for the Swedish Defence Forces [5] 95 dB as L CE1s is an appropriate guideline for the environmental noise of large-calibre weapons for areas where the number of shots exceeding 90 dB (L CE1s ) is over 100 annually, whereas 100 dB should be used for areas where there are fewer than 100 annual shots. According to the report shooting during evenings and nights should be restricted when the limits are exceeded. For new shooting areas, it is recommended that the values be 5 dB lower.
Noise control work [6] [7] [8] [9] [10] has also been done when needed. Noise barriers are needed for both safety and noise attenuation purposes. Houses for shooting control and bunkers for shooters have been especially constructed to have sufficient noise attenuation properties. However, the noise attenuation properties of the terrain and surface, obstacles, vegetation, and weather conditions and especially the effect of the impulse properties of noise need more research.
This text explains our effort to measure the noise emission of large-calibre weapons for the purposes described. These results will be used for noise evaluations and for future guidelines for environmental noise.
MATERIALS AND METHODS
Noise emission from large-calibre weapons were measured in a shooting area according to Danish guidelines [1] .
The following weapons were used: a 23-mm antiaircraft cannon (23AAC), a 95-mm bazooka (95B), a 120-mm mortar (120M) and a 155-mm cannon (155C). In addition, explosions of 1 kg TNT were used as reference measurements so that parameters could be calculated for the weather, sound directivity and ground effect.
The measurement site was not quite sufficient according to Danish criteria (300x300 m open flat terrain) because, for safety reasons, the shooting was carried out at typical test shooting sites. However, there was about 100 m of open flat terrain around the weapons.
The emission values were measured at a distance of 100 m from the muzzle of the weapon at angles of 0, 45, 90, 135 and 180 degrees from the shooting direction. Noise measurements were made at a height of 1.5 m from the ground by sound level analysers B&K 2260. C-weighted peak and impulse levels (L Cpeak and L CImax ), exposure levels (L CE1s ), A-weighted impulse levels (L AImax ) and exposure levels Low-frequency Noise Emission of Finnish Large-calibre Weapons (L AE1s ) were recorded. In addition, the equivalent octave levels from 16 to 8000 Hz were calculated over 1 second (L oct 1s ). The values presented represent average values of five consecutive shots.
The weather conditions were +5 -+15°C, wind at < 5 m/s, and typically cloudy.
RESULTS
At a distance of 100 m the peak levels (L Cpeak ) were 146-159 dB for the bazooka, 148-163 dB for the 155-mm cannon, 147-151 for the mortar, 128-141 dB for the antiaircraft cannon and 146-155 for the 1-kg TNT explosion. The C-weighted exposure levels (L CE1s ) were 127-136 dB for the bazooka, 134-140 dB for the 155-mm cannon, 122-129 dB for the mortar and 104-115 dB for the antiaircraft cannon. Sound directivity proved to be a significant parameter for the weapons. The most prominent octave bands were typically lower than 100 Hz. Appendix 1 shows more accurate values for the octave band analyses. Figure 1 shows an example of the directivity of the shot of a 155-mm cannon as C-weighted 1-second exposure values. This directivity diagram is a result of a muzzle brake that causes the pressure pulse to be directed backwards and to the side.
A collected directivity figure for several weapons can be seen in Figure 2 , in which the A-weighted 1-second exposure levels have been shown. An example of the frequency content can be seen in Figure 3 , in which a shot of a 155-mm cannon has been analysed at 135 degrees from the shooting direction. The noise was of low frequency. The noise impulse of large-calibre weapons contains a significant amount of low-frequency noise energy, and this energy explains the differences that can be seen when Figures 1 and 2 are compared.
The measured values can be used as the input values for calculation programs, but they can also be used as estimates for various distances even in simple hand calculations. The results are roughly comparable to respective NATO weapon emission values. In Finland a few complaints have been made annually about the noise coming from shooting areas for large-calibre weapons. However, so far, most of the residents in the surroundings have accepted the noise of military exercises involving large-calibre weapons. 
DISCUSSION
The explosion of 1 kg TNT proved to be an adequate reference for larger-calibre weapons, for example, for calibres over 30 mm, but for calibres 12.7 through 30 mm also 100 g TNT would probably be more relevant when comparisons are being made with the noise properties and spectrum of the measured weapon. As stated earlier, the noise from large-calibre weapons consists of muzzle blasts, flight noise and hit impacts. In our measurement results only partial flight noise is present in the direction of 0 degrees from the shooting direction. When environmental noise is evaluated, the flight noise should be also considered, especially to the side and diagonally toward residential areas. Flight noise analyses depend also on the elevation angles of weapons, and therefore the modelling has separate parameters. We measured flight noise in some cases to be able to estimate this type of environmental noise, and it can be important when the elevation angle is small. However, the spectrum is higher in frequency, and therefore this noise is attenuated better than muzzle blast noise.
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Figure 2.
Directivity of some large-calibre weapons measured as the A-weighted 1-second sound exposure level at a distance of 100m In Finland we have not yet determined which parameters are needed for evaluating large-calibre weapon noise. The situation seems to be the same elsewhere. Therefore we measured numerous parameters to be able to compare our results with the results obtained elsewhere.
Using our own experience and the Danish guidelines, we have translated the method for measuring the noise emission from large-calibre weapons as in Appendix 2. The revisions have been small, and typically explain some details of those guidelines. The Danish guidelines were found to be useful. However, we are also searching some other guidelines, for example from NATO for comparison.
General
Application area: calibres 12.7-203 mm The noise should be measured in training areas by the following methods, and especially the following conditions must be considered: 1) suitability of the measurement area 2) noise emission variation for calibres 12.7-203 mm 3) measurement distance 100 m; preferably the peak levels should be more than 165 dB, the waveforms and the lowest frequencies should be well formed (2-3 wavelengths for 16 Hz; this means 65 m). Sound reflections should be minimum. Measurements should be made on 300x300 m of flat terrain without any reflecting obstacles that can influence the measured sound (the distance between the direct and reflected sound being more than 50 m).
2.
The weapon should be situated in the middle of the area, and the elevation angle should be the smallest used angle. 
